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Heavy quarks as probes of the QGP

Section 1

Heavy quarks as probes of the QGP
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Heavy quarks as probes of the QGP

Quark-Gluon Plasma (QGP) and heavy-ion collisions qi1¢e

[
2
o
@
o
5
@

» Reproduce the state of matter
of the early Universe colliding
heavy ions at high energy

» Study the properties of the QGP Baryon density

and the phase transition
between quark-gluon plasma » At the LHC Pb-Pb collisions at
and hadron gas V/SNN = 2.76 TeV (Run 1)

(5 TeV Run 2)

C.Bianchin (WSU) ALICE open HF in heavy-ion collisions May 19, 2015 4/23



Heavy quarks as probes of the QGP %
of the QGP

Heavy flavours (HF) as probes ALICE

» Early formation time: tg ~ ﬁ
» t.~0.1fm/c,
tp ~ 0.02 fm/c
» Much smaller than the QGP
life time togp ~ 10 fm!
e cauilibriug » HF interact with the medium

» Measure open heavy-flavour
production
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Heavy quarks as probes of the QGP

Heavy flavours in the medium l

ALICE
HF travel through the medium

» Collisional + radiative energy loss

» Colour charge and mass dependence of o
energy loss: pa?‘ton
AE(g) > AE(q) > AE(c) > AE(b)

Y.L. Dokshitzer, D.E. Kharzeev, Phys. Lett. B 519, 199 (2001).

path length L

[m] = =
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Heavy quarks as probes of the QGP %

Heavy flavours in the medium ALIGE
HF travel through the medium

» Collisional + radiative path length L
» Colour charge and mass dependence of o
a
energy loss: parton

Y.L. Dokshitzer, D.E. Kharzeev, Phys. Lett. B 519, 199 (2001).

Collectivity in the QGP

> Initial spatial anisotropy
converts into final momentum
anisotropy via interaction
among the partons

» Do heavy flavours take part in
the collectivity?
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Heavy quarks as probes of the QGP %

HF in small systems (pp and p-Pb collisions) ALICE

» pp: test pQCD-based predictions for production cross sections
» p-Pb:

» Shadowing at LHC energies

» Possible saturation regime

» Partonic energy loss from initial and final state radiation
> Investigate potential final state effects

» Control experiments for Pb—Pb measurements

C.Bianchin (WSU) ALICE open HF in heavy-ion collisions May 19, 2015 7/23



Heavy quarks as probes of the QGP %

Nuclear modification factor ALIGE

1 dNxa /dpr ath length L
TAA> dO'pp/de ’

RAA =
(

hard
(Tan) = (Neon) /o parton

» Raa quantifies the modification of the momentum distributions
> Does also the relation Rya(B) > Raa(D) > Raa(light hadrons) hold?
—— =

beauty charm u,d, s
> Different shape of parton pr-distributions

> Different fragmentation functions
> ..
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Heavy quarks as probes of the QGP

Azimuthal anisotropy ALICE

dn N
W 2—72 (14 2vycos(p — Vgp)

+2vacos2(p — Vgp) + ...)

» The second Fourier coefficient, v» or
elliptic flow, quantifies the anisotropy

> At low pr: collective behaviour of the medium

> At high pr: path-length dependence of energy loss
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How we measure open heavy flavours in ALICE

Section 2

How we measure open heavy flavours in ALICE
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How we measure open heavy flavours in ALICE

A Large lon Collider Experiment ALICE

R e v
PID + Topological
selection
o 2 Gevie
DS Kt
and charge conj.

Entries / 12 MeV/e®
E__8
T

Po-Pb,\5,, =276 TeV
[ Centrality: 0-20%

H
L

o = 1.863 +0.003 Gevic* ]
@ =0.017 +0.003 GeVic®
5(3a) = 5384 84
L T PO T
[ I Rk R

ALT-PUR-14 ¥masiant Mass (Kx) (GeVic?)

» DO 5 K7t » Dt > K ntnt

» D = D7t — K-ntnt » DY — ¢t — KKt
and charge conjugates =~ . . . .
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How we measure open heavy flavours in ALICE

A Large lon Collider Experiment

e ID:

» Use ITS+TOF+TPC in the low pr region pr < 3 GeV/c

» Use TPC+EMCal in high pr region pr 2 2 GeV/c (up to
~ 13 GeV/c) = ] = T vae
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How we measure open heavy flavours in ALICE

A Large lon Collider Experiment

w 1D:
» At forward rapidity

» Hadron contamination reduced by the absorber, tracking chambers,

and trigger chambers downstream an iron wall -~ = =~ =
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Results

Modification of HF-particle pr distribution ALIGE
Strong modification of open HF hadron pr spectra in Pb—Pb collisions
Prompt D mesons (mid-y)

D e
P o o T u:‘(187 Pbe\sNN_276TeV01O% ]
B 1.8i ALICE Preliminary B
5 7 PoPb, 5,,-276Tev ] 16 ALICE 3
Q 1.6 3 14 ALICE : Heavy flavour decay electrons ]
$ ¢ sAverage D°, D*, D**, 0-7.5%,|y|<0.5 ] ' o pp ref (scaled cross section at 7 TeV)
o 14 0 . o, — [ * ppref (FONLL calculation at 2.76 TeV)
£ "Average D”, D', D', 30-50%y|<05 125 o ALIGE : Heavy flavour decay muons 2.5<y<4
C Filled markers : pp rescaled reference |
"2: Open markers: pp p,-extrapolated reference | 1 R
F 'E osh Electrons, mld—y ]
s See also JHEP 9 (2012) 112 B! i, forward-y
0.8F 4 061
0.6F 3 04f ‘Fﬁ)ﬁ_& ﬁ #—F ‘+‘+
0.4F ﬁHﬂ, Aﬁi 3 02f
02f H E % 2 4 10 12
OﬂmmH\mmumm\mmm\mr pT(GeV/c)
0
(GeV/c)

. » Beauty contributes at high
» D mesons more suppressed in y &h pr

central collisions
» Where does the energy lost end up?
» Low-pp measurement crucial to recover it

» mid y ~ forward y
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Results

Comparison with models implementing energy loss  qrIcE

2 ; ; : — . < 2rrrrTT
ALICE Pb-Pl =276 TeV, ji*e HF in 2.5<y<4
o [AHICEPEPO s, =276 ToV, e HF in 2.5y "1 gl ALICE Preliminary ]
s Pb-Pb, {Suy = 2.76 TeV, 0-10% central
=1 GF © withppref. from scaled cross section at Vs =7 TeV ]
8 : *  with pp ref. from FONLL calculation at Vs = 2.76 TeV
. o ---BAMPS el.
ogl e NLO (MNR) with EPS09 shad) O 1.4 BAMPS ol + rad E
: [y Vitev rad. + dissoc. 81oE  rowane E
3 - - - MC@sHG+EPOS,Coll+Rad(LPM)
0.6[ 5 :
o
N %HEU% Jﬂ%
0.2r %‘ﬁﬂ»—h_ﬁ;'-A
el e b b by
0 - L . - ! 8 10 12 14 16 18
0 2 4 6 8 10 P, (GeV/c)

Phys. Rev. Lett. 109 (2012) 112301
» Several models reproduce the

trend of the data (electrons at
mid-y)

» Models compatible with data
(HF via muon decay, forward

rapidity) .
» Uncertainties too large to

discriminate among various

models
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Results

Mass and colour-charge dependence of energy loss  aiTcE

P A A AR RN RN RARRR AR

@ 1.4L 4
A Po-Pb, \[s =276 Tev ] A e
L o ] T L Pb-Pb, (S = 2.76 TeV ]
1.2/ W AverageD'D’.D ,lyl<0.5 8<p <16 GeVic | I B
““L mm Correlated systematic uncertainties i 1.2 m ALICE Preliminary D mesons =
I [ uncorrelated systematic uncertainties 4 r 8<p, <16 GeVic, [yl<0.5 ]
[ = ] r 9 Correlated systematic uncertainties
1 = <08 s 3 Uncorrelated systematic uncertainties
r --- Djordjevic D mesons (8 < p_< 16 GeV/c) T = Djordjevic Non-prompt J/y (6.5< p, < 30 GeVic)
r M 1 L Djordjevic Non-prompt J/y (with ¢ quark energy loss) 1
r -- Diordjevic (8 <p_<16 GeV/c) 1 L - - - Djordjevic D mesons (8 <p, < 16 GeV/c) ]
0.8— — 0.8 ,
0.6 - B 0.6 n
04f m@ - 0.4 ; 5
02 @ 4 02 o cws Preliminary Non-prompt J/y Twr=- -
r 2 [ 6:5<p <30 GeVic, lyl<1.2 E m- R
C ] [ [ Systematic uncertainties ~ CMS-PAS-HIN-12-014 ]
ol b b b b b b b ol b b b Lo o Lo Liw
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
(N " weighted with N ’ ) ( Npan weighted with N,
pa col

Pion and D Raa are similar » Raa(J/¥ < B) > Raa(D)

e.g. Djordjevic reproduce the » The quark mass used in the
data model is crucial to reproduce
» Combination of energy loss, the data

pr shape, and fragmentation
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Results

Strangeness enhancement ALIGE

» Expected and observed in the light sector an enhancement of strange
hadron production in the medium

A T T T T T T T g
el S 1 PorPb. (5, =276 TeV E
<""F D% Pb-Pb Preliminary, pp JHEP 01 (2012) 128 SIS ICE 1
& [ Di:Pb-Pb Preliminary, pp PLB 718 (2012) ALTCE %(1-65 PRELIMINARY -
of 140 eAverage D°, D*, D™ 0-7.5%, |y|<0.5 |

r Pb-Pb at S, = 2.76 TeV n +D; 0-7.5%, |y|<0.5 ]

r —4— stat. unc 1.2 Filled markers : pp rescaled reference |

1.5 I syst. unc r | Open markers: pp p, -extrapolated reference |

r ppat /s=7TeV 1: 7

L —4$— stat. unc. - 7

1 [ syst. unc. 0.8~ -

[ +5.4% BR unc. (not shown) 0.6F B

0sE 0.4F Aﬁi E
OﬂHm”m”m”m”m” 02 ig E B
2 1 R TN T T IS
p(GeV/c) OOHHHHHHHHHHHHHHHH40

P, (GeV/c)

» Dy compatible with average of D mesons within uncertainties

» Hint of enhancement at low pr
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Results

Collectivity? Heavy-flavour hadron v, AlTee
5 "w"\"w”w”w”w”w“‘\”wHW“‘\“‘\“;\“‘\“‘\“‘\“‘\“W“‘I‘”\”‘\wa T
Pb-Pb, sy, =2.76 TeV Dsyst from data

[0 syst. from B fecd-down
0.4 T+ + 4

0 Charged particles, v,{EP JAn/>2}
ol "*] 1 i ] Positive D mesons v»
M *")0 6 0 g

d in2< pp <6 GeV/c
LU T (0 =5.7)

-0.2- —+ + 4

Centrality 0-10% Centrality 10-30% Centrality 30-50%

PR P Y Y R N Y PN N | O Y P Y RO WY FTY NN | R YUY A A O FORY P P
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Py (GeVic) Py (GeVic) Py (GeV/c)

Phys. Rev. C 90 (2014) 034904,Phys. Rev. Lett. 111 (2013) 102301
» Similar v» for D mesons and light hadrons
» At high pr vo» measures the path-length dependence of energy loss

» At low-pr v» results indicate that charm participates in the collective
expansion of the medium
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Results %

Comparison with models ALICE
<1 LRI R B B B S RO A R S s R R LR R ]
[\ ALICE D°, D, D'* average, LV\<0-5E 04: » ALICED’D',D*average  Pb-Pb, |5, = 2.76 TeV ]

%] Syst. from data

= syst. from B feed-down Centrality 30-50%

Pb-Pb, {S = 2.76 TeV
Centrality 0-20%
'WHDG rad-+coll
- POWLANG
Cao, Qin, Bass
- MC@sHQ+EPOS, Coll+Rad(LPM)

o
N

- BAMPS
TAMU elastic
urQMD

A SRTITIN AATI A

T N I 2 N N N |

0. .
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F POWLANG
0.2 = - Cao, Qin, Bass
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r 1 - BAMPS — — UrQMD
Il Il Il Il Il L Il L C Il Il Il Il Il L Il Il
%24 6 T8 0 12 1416 0 2 4 6 8 10 12 14 16
Py (GeV/c) Py (GeV/c)

» Some models reproduce better Raa, others v»
» Data constrain them in the description of Raa and v, simultaneously

BAMPS: J.Phys. G38 (2011) 124152; WHDG: J.Phys. G38 (2011) 124114; Aichelin et al.: Phys.Rev.C 79(2009)044906;
POWLANG: Eur.Phys J. C 71 (2011) 1666 ; TAMU: arXiv:1204.4442 UrQMD: arXiv:1211.6912, J.Phys.Conf.Ser. 426 (2013)

012032; Cao, Quin, Bass: arXiv:1308.0617
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Results

Electrons from beauty-hadron decays ALIGE
< 250 T T T T T T T ]
— e ) c E Pb-Pb, /s = 2.76 TeV, 0-20% cemrality;
- - 2 ——b(>c) e lyl<08
‘/, p N [ syst. uncertainty ]
secondary vertex \ 15 r nomalization uncertainty 1
1F 'y
primary vertex 05 :_ E
E ALICE Preliminary
» Beauty-decay electron o 1t 2 3 4 5 6 7 8
. . . . pT(GeV/c)
distribution obtained by
exploiting the larger decay » Displaced D° and direct
length of beauty hadrons with reconstruction of B meson
respect to other sources hadronic decays possible with
» Hint of suppression of high-pr the ALICE upgrade (Run 3)
beauty-hadron » More direct access the beauty
kinematics
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Future perspectives and conclusions

Future perspectives (Run 3) ALICE

New ITS, new TPC readout, Muon Forward Tracker (MFT),
high-rate readout upgrade for all detectors
Improve pr reach and precision of the current measurements
» Distinguish between models
Study hadronization of heavy quarks, fragmentation and coalescence
» Measure baryons
» D-hadron correlations and jets
Measure displaced D mesons
Separate charm and beauty measurement at forward y with the MFT

v

v

vy

ITS standalone dy resolution
Outer Ba

)
S
S

i 7o - Current ITS
Inner Barrel = R W I W e inz - Current ITS
g_ 250 i in 16 - Upgraded ITS - Pixel/Strips
E’ \. s -~ inz- Upgraded ITS - Pixel/Strips
2 200 { r(r "\ — — inre- Upgraded ITS - Pixels
S “,. -+ inz - Upgraded ITS - Pixels
3 \ -
o 150 \ RS
g \ 5 (
8 5 (z)
2 100
=
O 50
o g —
il
0.05 0.1 02 1 2 3456 10 20

CDR, CERN-LHCC-2012-13 Lol, CERN-LHCC-2012-12 Transverse Momentum (GeV/c)
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Future perspectives and conclusions

(Selected) performance studies for the upgrade ALICE

» Expected integrated luminosity: 10 nb~! (corresponding to ~ 8 x 10°
events in 0-10% central) in Pb—Pb collisions

Prompt and secondary D meson v, Ac-over-D ratio
o 0 Ar T T g 10T
0.35F HE Pb-Pb, |Sy=5.5 TeV ] =) L Pb-Pb,\[sy=55TeV 7]
0gh B Centrality 30-50% 1 S L = 10 nb”™, centrality 0-20%
R - o L i
F D Ko 1.6x10" events ] & “  —— ALICE A/K param (2.76 TeV)
0.258 —Rw 4 % [ o 3 - Ko et al. (200 GeV) 1
E . —&- prompt ] < L —— TAMU, Rapp et al. (2.76 TeV) |
0-2; ° Dn ——from B {
Foo Bl Bl / |
0.15F = “s E /
[ fan ] /
f ] \
0.1 . //\Ht 0
E RESERTE “ee., Sooemsenasag 1+ |
005; 0. .‘.’*+§§t L | | | \U\ | \U\ 1 1 i
(}0 2 e e 10 2 A e 0 2 4 6 8 10 12 14 16 FIS(GZ(-)OV/(;?)2
pT(GeV/c) T

CERN-LHCC-2012-12
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Future perspectives and conclusions

Conclusions and Outlook ALICE

» Runl measurements from ALICE provide important insight into the
properties of the QGP matter

» Open heavy flavours probe the transport properties of the medium

» The Raa of non-prompt J/v is larger than the Rys of D mesons that
is similar to the Raa of m

» Charmed mesons positive v» indicates that charm quarks participate
to the collective expansion

» With the ALICE upgrade, better impact parameter resolution and
high rate capabilities will improve the current performance, new decay
channels accessible
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Future perspectives and conclusions

Extra slides
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Future perspectives and conclusions

Collision centrality

spectators

_%% participants pectator prrtihpnts
S| rs
7\ Y \
by ah oy A
. SR
0 |
spectators spectators
PERIPHERAL COLLISION CENTRAL COLLISION
Measurement
g 10'3:- + Data wp
o — Glauber fit
2 it
W = 500 = 1000
g g 2
:| 2 |2 | &
8600 ‘ 12I000 16‘000‘ 20600

VZERO Amplitude (a.u.)

JINST 8 (2013) P10016

ALICE

Central collision: more nucleons
participate ~~ higher particle
multiplicity in the final state

Multiplicity measured in the VO
scintillators (2.8 <1 < 5.1 and
-3.7<n<-17)

Definition of centrality classes as
percentage of total cross section

A Glauber model reproduces the
VO amplitude distribution
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Future perspectives and conclusions

D meson reconstruction strategy ALICE

» Particle Identification _
(TPC+TOF) <

10°
» Topological selection 10
» Invariant mass analysis, signal o
extraction via fit 10
pointing angle ® . 10
—
d& 1

4.5
p (GeV/c)

impact parameters ~100 p m

% T [N b T
S 1000f-2<p <3 GeV/c 4 s S 12<p <16 GeVic
2 oKk 2 2
~ D’ > K'n* - by
= 80 and charge conj. | = o
@ 2 2
8 8 &
& %o I frrae.
Pb-Pb, {5, = 2.76 TeV.
YO Gentrality: 0-20% 7] 2
200k 1 =1.8631 0.003 GeVic® ] 1 =1.868+ 0.002 GeV/c? of W =1.86210.005 GeVic? +
©=0.017: 0,003 GeV/c? soF 6= 0017+ 0.003 GeV/c* ] = 0,023 0.005 GeV/c?
S(30) =538+ 84 S (30) =342+ 48 S(30)=67+15
PR TR PR
Invariant Mass (Kn) (GeV/c?) Invariant Mass (Kz) (GeV/c?) Invariant Mass (Kz) (GeV/c?)
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Future perspectives and conclusions

Electron selection strategy

ITS+TPC+TOF

200y

TPC dE/dx (arb. units)

v

EMCal+TPC

®

ALICE

» AR RRR R R AR RAR AR RaR
180 PP (2 76ToV € | ALICE Preliminary
160 '-'CJ1200 [ —electrons B
r 3<p_(GeVic)<4
1000 hadrons T 1
[ Pb-Pb, |5 = 2.76 TeV
800 0-10% Centrality Class, [y] < 0.7 -]
[ + ]
600 + —
[ + ]
[ + ]
400; JR b
| | E + ]
02 03 1 2 3 4567890 20 2007, . .
p (GeV/c) [ etpree o .
Loy (fiyael L (< %) 1 L

Electron selection:

» TPC-1<no<3
» TOF -2 < no <2

» ITS —1 < no < 1 for

pr <15 GeV/c

» EMCal 0.8 < E/p < 1.2 and
selection on the shower shape

02040608 1 121416 18 2

Elp

. » TPC-1<no<3
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Future perspectives and conclusions

Electron background subtraction ALIGE

Invariant mass method (photonic electrons)

» 70 Dalitz decays and v 0 cmaror 2o

conversions are the most i —-UnLike-sign
b d t 10l —o- Like-sign

abundan

» Each electron is paired with a ooy,
unlike sign one. Their invariant ;%%
mass define the photonic i ot
background, then statistically T,

1 005 0.1 015 02 025 03 035 04 045 05

su bt ra Cted Invariant mass (e*,¢") (GeV/c?)

Cocktail method

» Cocktail of electrons originating from 70 Dalitz decay, ~ conversion,
light mesons, and J/1) measured by ALICE

» Subtract the cocktail from the inclusive electron distribution

v
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Future perspectives and conclusions

vo of HF- electrons and muons

Heavy flavour decay electron v,
o o o o o
o o o w i o

.
o

T T

ALICE Preliminary

—e— ALICE, 0-10% centrality class

T LIBLJLA A B

‘‘‘‘‘ BAMPS el., 0-10% centrality class
—=— ALICE, 20-40% centrality class

----- BAMPS el., 20-40% centrality class

Pb-Pb, Sy, = 2.76 TeV
V,{EP, |An| > 0.9}, ly| < 0.7
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Heavy flavour decay p* v,

ALICE open HF in heavy-ion collisions

ALICE

Pb-Pb collisions, |s\,=2.76 TeV
2.5<y<4

RELIMINARY

| — Y

BAMPS, conralty 30-50%, Phys. Lott 8717 (2012) 430

Rapp otal, coniray 20-40%, arXiv1208.0258
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-
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Future perspectives and conclusions

Single-muons from heavy-flavour decays ALIGE

Track selection

» Match the tracks with tracklets in the trigger chambers to reject
punch-through hadrons

» Cut on distance of closest approach to reject beam-gas interactions

Background subtraction
» Mainly i from 7 and K decays
> Less relevant for pr > 4 GeV/c

» Extrapolate to forward rapidity the K and 7 yields measured at
mid-rapidity
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Future perspectives and conclusions

Charm and beauty fraction of heavy-flavour electrons gi1cE

Raa compared to model expectation for Beauty fraction in pp collisions

beauty and charm 145 =Py ALICE pp, 15 = 2.76 TeV
(0]
s T 2
iy 1.8k ALICE Preliminary 1 a
S F PbPb, 5, =276TeV, 0-10% central, [yl<0.6 g 08E
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%1 4i *  with pp ref. from FONLL calculation at (s = 2.76 TeV | ‘T’ TE
> [ —-CaoQinBass:b(=0)—e 5 04F ]
§1_2} +++++ Cao,Qin,Bass: ¢ - e ] 0.2 3
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S oat 3 10°F E
‘_“0'8? N S E eehb(sc)—oe 3
= a 3 104L 4
%0.65 mﬂ» % €10 E B pb(sc)se El
r i 3 r ]
Loaf R F10tEo .
5 bl S E *am E
02 1 $ 10°F . E
) T e N B U B T . f i?_l—ij 3
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Future perspectives and conclusions
Feed-down from B mesons

ALICE
» Subtraction of D < B meson Raa
» Secondary D mesons fraction estimated using FONLL beauty cross
section scaled by the overlap function (Taa) and EvtGen for the decay

» Hypothesis on the feed-down Raa varied for the systematic uncertainty
(1/3 < R 9own /RRIZ™* < 3)

Véarompt _ 1 V23II _ 1- fprompt ered—down

fprompt f, prompt

» Systematic uncertainty on Raa

» Systematic uncertainty on v» T
C Pb—Pb& :7;.76 TeV, centrality 0-7.5% P |

pro

N

» Central value uses the

assumption
t _

VéJromp _ V2feed down

» Systematic uncertainty: span

Val’iation tO V2feed7down — O Z= FONLL-based methods

«  Dimpact parameter it

o

Prompt fraction of raw yield, f

°
=
T

o
0
T

by oV
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Future perspectives and conclusions

D meson reconstruction efficiency

Acceptance x Efficiency

In-plane / Out-of-plane

30-50%

D°- Kt
Pb-Pb,\[s\ = 2.76 TeV,
centrality 30-50%

>
[y
(o]
m
L

—— Prompt D°
Prompt D", No PID
“““ - Feed-down D°

f————
-— — Average ratio: 1.01+0.02
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Event plane method ALICE
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The Scalar Product method ALICE

<u ‘ Q>
M

=Tl (1)
o Q
M, M,

C. Adler et al., Phys.Rev. C66, 034904 (2002)

> Q= Zjl\iff’ exp'?%i, > u = exp'?¥

> ; azimuth of j-th Reference > ¢ azimuth of D meson
Particle (RP) (Particle Of Interest, POI)
> Mgp multiplicity > a, b indicate two sub-events

» With a An between POl and RF, non-flow correlations are reduced
(not included in this analysis)
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